Introduction
============

Clear cell renal cell carcinoma (ccRCC) is the most common form of kidney cancer, and comprises more than 75% of these malignancies.^[@bib1]^ ccRCC is a highly radio- and chemo-resistant cancer grossly characterized by cell heterogeneity and hypervascularity.^[@bib2]^

Recently, the role of the tumor microenvironment (TME) has attracted increasing attention from researchers.^[@bib3],\ [@bib4]^ Stromal cells in the surrounding microenvironment are recruited to tumors, and these not only accelerate growth at the primary site but also facilitate its metastatics to distant organs.^[@bib5]^ Several elements of the TME promote an adaptive escape system, called the epithelial-mesenchymal transition (EMT). EMT is a regulated program that leads epithelial cells to lose their cell--cell and cell-extracellular matrix (ECM) interactions and undergo cytoskeletal reorganization and genetic reprogramming to gain morphological and functional characteristics of mesenchymal cells.^[@bib6],\ [@bib7],\ [@bib8]^

More recently, ccRCC has been shown to possess an EMT phenotype. Levels of the EMT-related factors E-cadherin, vimentin and β-catenin have been associated with adverse pathologies, increased recurrence and reduced survival.^[@bib9],\ [@bib10]^ Increased levels of cytokines, chemokines and growth factors, including TGF-β, IL-6 and FGF, have critical roles as mediators of EMT in cancer cells. Moreover, EMT leads to dramatic changes in the mechanical properties of cells, therefore, several studies have focused on how mechanical factors affect EMT, such as fluid shear stress and ECM stiffness.^[@bib11],\ [@bib12],\ [@bib13]^ Recently, a role for growth-induced solid stress in tumor pathogenesis has been identified. Solid stresses are divided into two categories: externally applied stress, which is generated through mechanical interactions between the growing tumor and the surrounding tissue; and growth-induced stress, which developes as the proliferating cancer cells place a strain on nearby structural elements.^[@bib14]^ Previously, Tse *et al.*^[@bib15]^ suggested that compressive stress can enhance migration of cancer cells. Interestingly, the transition from an epithelial to a mesenchymal phenotype also promotes cell movement. Therefore, we investigated how solid stresses are involved in EMT in ccRCC.

In the present study, we first conducted a 'tumor microenvironment PCR Array' of ccRCC samples of different Fuhrman grades and found that myofibroblast-like cells (indicated by the presence of α-SMA) and CD4+ T cells were increased in Fuhrman III--IV ccRCC samples. Then, we showed that IL-6 secreted by CD4+ T cells can trigger EMT in ccRCC, which may be the source of α-SMA (+) cells, and also enhanced the metastatic ability of tumor cells. In addition, we conducted experiments to determine the effect of growth-induced solid stress on the progression of tumors. Consequently, we combined IL-6 with growth-induced stress for tumor cells and found that solid stress enhanced EMT and stem-like properties induced by IL-6 in ccRCC via the Akt/GSK-3β/β-catenin signaling pathway.

Results
=======

Microenvironment components differ between ccRCC and normal kidney tissues
--------------------------------------------------------------------------

To assess the potential role of the TME cell population in ccRCC, we selected 84 genes that are considered markers of stromal cells, ECM, EMT and cellular mechanics to conduct a 'TME PCR Array' of patient specimens (pathological characteristics are shown in [Table 1](#tbl1){ref-type="table"}). As shown in [Figure 1a](#fig1){ref-type="fig"}, the PCR Array profile identified 27 differentially expressed genes (fold change \>1.5) between ccRCC and normal kidney tissues. Compared with normal kidney, the ECM components and mechanics-associated genes (from PLOD2 to ICAM1) in tumor tissues were significantly increased in ccRCC patients ([Figure 1b](#fig1){ref-type="fig"}). In addition, compared with non-tumoral tissues, more EMT-associated genes (*CXCR4*, *VIM* and *ACTA2*) were upregulated in ccRCC patients ([Figure 1b](#fig1){ref-type="fig"}). Furthermore, compared with normal kidney, a substantial increase in stromal cell markers was found in ccRCC patients, especially CD4 ([Figure 1b](#fig1){ref-type="fig"}).

Thus, the 'TME PCR Array' identified the ECM remodeling, EMT and mechanical factors in ccRCC. Moreover, compared with the normal kidney tissues, the stromal populations (from FCGR3A to CSF1R) were notably increased, indicating that stromal populations may regulate tumor progression.

Accumulation of α-SMA (+) cells in the stroma of ccRCC patients promotes disease progression and predicts poor survival
-----------------------------------------------------------------------------------------------------------------------

On the basis of the data from the 'TME PCR Array', we predicted that the presence of stromal components would enhance the progression of ccRCC. To this end, 55 ccRCC patients were analyzed by immunohistochemical staining of α-SMA^[@bib16]^ (a mesenchymal cell specific markers) in paraffin-embedded tissues. As shown in [Figure 2a](#fig2){ref-type="fig"}, the number of α-SMA (+) cells in both Fuhrman I tissues and Fuhrman III--IV samples was significantly increased compared with normal kidney tissues. α-SMA (+) cells were present throughout the tissue in Fuhrman III--IV compared to Fuhrman I specimens ([Figure 2a](#fig2){ref-type="fig"}, 44.74±5.7 and 18.91±4.3 cells/field, respectively; *P*\<0.0001).

In general, α-SMA is used to define myofibroblasts in the TME. These 'activated' fibroblasts within the tumor stroma are important promoters of tumor growth and progression.^[@bib17],\ [@bib18]^ Myofibroblasts have been suggested to be quiescent fibroblasts that are altered as a result of contact with cancer cells, myofibroblasts produce ECM, resulting in pathological fibrosis^[@bib19],\ [@bib20]^ (collagen deposition and crosslinking); therefore, to explore the origin of myofibroblasts, collagen I expression was measured in ccRCC patients. Interestingly, compared with Fuhrman I, low levels of collagen I were observed in Fuhrman III--IV patients ([Figure 2a](#fig2){ref-type="fig"}). Moreover, collagen I expression correlated negatively with α-SMA expression in 55 patients with ccRCC ([Figure 2b](#fig2){ref-type="fig"}), which indicated that the normal fibroblasts may not be the major source of myofibroblasts. Cells of epithelial origin are also candidate cells of origin for myofibroblasts. For example, breast cancer cells from a confirmed epithelial origin had undergone EMT and expressed high levels of α-SMA.^[@bib21],\ [@bib22],\ [@bib23]^ In addition, based on the PCR array results, CD4 was analyzed by immunohistochemistry. Consistent with the expression of α-SMA in the tumor samples, CD4+ T cells were predominantly found in the stroma of Fuhrman III--IV compared with Fuhrman I samples ([Figure 2a](#fig2){ref-type="fig"}) and the expression of CD4 was positively correlated with α-SMA expression in patients ([Figure 2c](#fig2){ref-type="fig"}).

Notably, according to the median value of α-SMA density in the tumor stroma, patients were divided into two groups. A significant inverse relation between α-SMA (+) cell numbers in the stroma and overall survival (OS) was observed (*P*\<0.01; [Figure 2d](#fig2){ref-type="fig"}). In addition, the stromal α-SMA (+) cell density was correlated with T stage (*P*=0.033, [Figure 2e](#fig2){ref-type="fig"}) and nuclear grade (*P*=0.01, [Figure 2e](#fig2){ref-type="fig"}). Collectively, these data indicated that α-SMA (+) cells in the stroma of ccRCC patients promote disease progression, predict poor survival and are associated with EMT of cancer cells.

IL-6 secreted by CD4+ T cells induces renal cancer cell EMT and enhances migration and invasion in clear cell renal cell carcinoma
----------------------------------------------------------------------------------------------------------------------------------

In the TME, the accumulated CD4+ T cells are not only involved in immunological functions, but also contribute to the metastasis of tumor cells.^[@bib24],\ [@bib25]^ We found that CD4+ T cells were enriched in Fuhrman III--IV patient tissues and positively correlated with α-SMA expression in ccRCC. In the next step, we investigated the association between CD4+ T cells and α-SMA+ cells in ccRCC. We activated CD4+ T cells from healthy donors *in vitro* and then characterized the T cell subsets by flow cytometry, confirming their phenotype as previously reported^[@bib26],\ [@bib27]^ ([Figures 3a and b](#fig3){ref-type="fig"}). CD4+ T cells were then co-cultivated with ccRCC cells in a double-chamber system ([Figure 3b](#fig3){ref-type="fig"}).

The production of soluble mediators by cancer cell lines and CD4+ T lymphocytes co-cultured with tumor cells was then measured. After 48 h, supernatants from the cancer cell lines and co-culture system were collected, and the levels of cytokines were evaluated by three soluble mediators related to ccRCC prognosis and T-cell activation. As shown in [Figure 3c](#fig3){ref-type="fig"}, more cytokines were produced from co-culture systems than from renal cancer cells. Among these cytokines, IL-6 had the highest concentration, indicating that IL-6 secreted by CD4+ T cells may play a role in the interaction with tumor cells.

To further explore the source of α-SMA (+) cells and the extent to which IL-6 drives tumor progression, 50 ng/ml IL-6 was added to the culture system. After cancer cells were exposed to IL-6 for 24 h, a spindle-shaped morphology was observed, and a near complete loss of epithelial features occurred, including E-cadherin, and increased expression of vimentin, α-SMA and N-cadherin was detected. In addition, the invadopodia-related actin-bundling protein cortactin was detected by immunostaining as a further marker of EMT ([Figures 3d and e](#fig3){ref-type="fig"}).

We then investigated whether IL-6-treated tumor cells showed increased migration and invasion. To this end, we conducted wound-healing assays ([Figure 3f](#fig3){ref-type="fig"}) and transwell chamber assays ([Figure 3g](#fig3){ref-type="fig"}, left). The results showed that IL-6 enhanced the motility of tumor cells. Furthermore, the IL-6 group showed enhanced invasion of the Matrigel-coated transwells compared with the control group ([Figure 3g](#fig3){ref-type="fig"}, right). Moreover, gene expression microarrays were used to identify changes in migration and invasion-associated genes between control group and IL-6-treated group ([Figures 3h and i](#fig3){ref-type="fig"}, fold change \>2 and FDR \<0.075). Taken together, these data showed that IL-6 secreted by CD4+ T cells induces an EMT phenotype and enhances the migratory and invasive capability of ccRCC cells.

Growth-induced stress promotes renal cancer cell migration and enhances IL-6-induced EMT
----------------------------------------------------------------------------------------

After fresh tissue samples were collected from patients, we made a partial dissection through the central line of the tumor and found that the tumor opening gradually became larger and was deformed, while the opening of the non-tumoral tissues remained almost closed ([Figure 4a](#fig4){ref-type="fig"}). Consistent with the finding in the tumor samples, ECM components and mechanics-associated genes (from PLOD2 to ICAM1) were upregulated in ccRCC patients as shown by the 'TME PCR Array'. This phenomenon has been described as growth-induced solid stress.^[@bib14]^ Solid stresses contribute to tumor progression,^[@bib15],\ [@bib28]^ but how mechanical factors affect ccRCC and TME have not been described. To this end, we further explored these issues in ccRCC.

We mimicked the compression conditions by using the device designed by Tse *et al.* with a few modifications ([Figure 4b](#fig4){ref-type="fig"}). Based on the previous studies, stress levels ranged from 0 to 5 mmHg, and the compression time was 16 h.^[@bib14],\ [@bib15]^ To evaluate the role of solid stress on cell motility, we applied controlled weights on monolayers of cancer cells. At these levels, compressive stress from 0 to 4.25 enhanced the motility of RCC 786-0 cells. The peak migration was at 4 mmHg, and then migration decreased with increased stress levels ([Figure 4c](#fig4){ref-type="fig"}, upper panel). Meanwhile, we measured cell viability under controlled conditions at 16 h, and surprisingly found that the increased stress caused similar linear decreases of cell viability from 0 to 4 mmHg, and above 4 mmHg, the cell survival rate declined sharply ([Figure 4c](#fig4){ref-type="fig"}, bottom). To further evaluate the functional role of stress in cell motility, compression-stimulated changes in cytoskeletal organization were observed in 786-0 and A498 cells. Compression gradually promoted the deformation of the cytoskeleton through rearrangement of cortical actin, especially at 4 mmHg ([Figure 4d](#fig4){ref-type="fig"}), while from 4.25 to 5 mmHg stress, consistent with [Figure 4c](#fig4){ref-type="fig"}, most of the cell structures were unintegrated, and many cells ruptured (data not shown). These results indicated that moderate levels of compression stress enhance cell motility and trigger mesenchymal-like phenotypes, whereas excessive stresses trigger cell death.

To determine whether gene expression was altered in compressed cells, treated cells (4 mmHg compression for 16 h) were subjected to gene expression array analysis. Genes upregulated more than twofold in the compressed cells are listed in [Figure 4e](#fig4){ref-type="fig"}. The data showed that a large number of pro-proliferative, promigratory and pro-invasive cytokines were notably increased. Moreover, genes associated with ECM and mechanics were significantly upregulated. Taken together, these results indicated that compressive stress has a profound impact on tumor growth and development. Surprisingly, none of the EMT marker genes showed changes in their expression profiles, suggesting that solid stress enhances cell migration but does not initiate EMT in ccRCC.

Gene ontology (GO) analysis of all differentially expressed mRNAs was conducted to identify the potential functional consequences of changes in the coding transcripts. We found that the significantly differentially expressed transcripts between compressed and control groups were predominantly correlated with response to external stimulus (GO:0009605), regulation of cell proliferation (GO:0042127), growth factor activity (GO:0008083), cytokines receptor binding (GO:0005126) and chemoattractant activity (GO:0042056). The detailed results are presented in [Figure 4f](#fig4){ref-type="fig"}.

To further explore the interaction between mechanical factors and the biochemical microenvironment, we combined IL-6 treatment with constant compression to conduct gene expression analysis. Compared with the IL-6 only group, genes associated with ECM components and mechanical factors were significantly increased in the combination group. Moreover, although compressive stress was not sufficient to induce EMT, IL-6 together with compression triggered complete EMT, as shown by the increase in expression levels of genes related to EMT ([Figure 4g](#fig4){ref-type="fig"}). Importantly, we found that positive regulation of immune response (GO:0006955, biological process, red), response to external stimulus (GO:0009605, biological process, red), extracellular matrix (GO:0031012, cellular component, red), and extracellular space (GO:0005615, cellular component, red) were prominently enriched ([Figure 4h](#fig4){ref-type="fig"}). In addition, in the molecular function analysis, genes associated with growth factor, chemokine and cytokine activities (GO:0008083, 0008009, 0042379, 0005126, 0005125, molecular function, red) were the prominently enriched ([Figure 4h](#fig4){ref-type="fig"}), which suggested that mechanical factors further enhanced the malignant phenotype of tumor cells even when they had already been stimulated with IL-6. Together, these data indicated an essential role for growth-induced solid stress in enhancing progression in ccRCC but not in initiating EMT.

IL-6 combined with growth-induced stress promotes nuclear translation of β-catenin, and β-catenin is correlated with advanced stages of ccRCC
---------------------------------------------------------------------------------------------------------------------------------------------

We next aimed to explore how solid stress enhances IL-6-induced EMT. First, we detected the protein levels of EMT markers in controls, the IL-6--treated group, the compression group and the combination group. Consistent with gene expression profile data, the combination group triggered complete EMT ([Figure 5a](#fig5){ref-type="fig"}). Previous work established β-catenin as a target of EMT, which is induced by IL-6, and also is a driver of mechanical transduction generated by growth-induced stress^[@bib12],\ [@bib28],\ [@bib29]^ ([Figure 5b](#fig5){ref-type="fig"}). Surprisingly, immunostaining showed that β-catenin was predominantly localized in the plasma membrane between cell--cell junctions in the control, IL-6 and compression groups, while it translocated to the nucleus in the combination group ([Figure 5c](#fig5){ref-type="fig"}). In addition, cellular fractionation analysis demonstrated that a proportion of β-catenin redistributed to the nuclear compartment in cells in the combination group ([Figure 5d](#fig5){ref-type="fig"}).

To assess the relationship between clinico-pathological parameters and activation of β-catenin in ccRCC, we first examined the expression of β-catenin in tumor tissues from primary ccRCC and invasive ccRCC patients (invasive ccRCC included distant organ metastasis, venous thrombus and lymphovascular invasion (LVI); detailed characteristics shown in [Table 2](#tbl2){ref-type="table"}). As predicted, immunohistochemical staining demonstrated that the localization of β-catenin expression was different ([Figure 5e](#fig5){ref-type="fig"}). Cytoplasmic/nuclear localization of β-catenin was present in all invasive groups (100%), and in the primary group, 73% of the cases showed membrane expression ([Figure 5f](#fig5){ref-type="fig"}, upper left). Moreover, cytoplasmic/nuclear localization of β-catenin was prominently associated with venous thrombus, LVI and distant metastasis ([Figure 5f](#fig5){ref-type="fig"}).

Growth-induced stress enhances EMT and stemness induced by IL-6 via the Akt/GSK-3β/β-catenin signaling pathway
--------------------------------------------------------------------------------------------------------------

To investigate which signaling pathway was regulated by the combination group, we performed pathway analysis using the the Kyoto Encyclopedia of Genes and Genomes (KEGG) data sets in gene array analysis. Pathway analysis showed that the chemokine signaling pathway was highly significantly enriched in the IL-6-treated group ([Figure 6a](#fig6){ref-type="fig"}, red). Importantly, in the combination group, we observed significant enrichment for the PI3K-Akt pathway ([Figure 6b](#fig6){ref-type="fig"}, red). As expected, cell adhesion molecules and ECM-receptor interactions that were associated with mechanical factors were substantially enriched in the combination group ([Figure 6b](#fig6){ref-type="fig"}, red). Interestingly, there was evidence of enrichment in signaling pathways regulating stem cells pluripotency ([Figure 6b](#fig6){ref-type="fig"}, red). Lin *et al.*^[@bib9]^ reported that tumor cells acquire the stemness phenotype through activation of the PI3K/Akt/β-catenin signaling pathway. Therefore, our data indicate that combined treatment with IL-6 and compression may regulate the stemness of ccRCC cells by affecting the PI3K-Akt pathway. To further investigate this phenomenon, we identified genes in various categories, including self-renewal markers and CSC markers, which were predominantly upregulated in combination group ([Figure 6c](#fig6){ref-type="fig"}). Moreover, by using flow cytometry analysis higher numbers of cells in the CD133+ and CXCR4+ subset were detected in the combination group compared with the other three groups ([Figure 6d](#fig6){ref-type="fig"}). We further examined the levels of Akt and GSK-3β proteins and CSC-associated genes in the four groups, and which showed that the levels of phosphorylated Akt and GSK-3β were substantially increased only in the combination group ([Figure 6d](#fig6){ref-type="fig"}). Oct4 is a key transcription factor involved in cellular reprogramming and balances the pluripotent and differentiated states in stem cell and cancer development.^[@bib30]^ Sox2 is critical in maintaining self-renewal of ESCs.^[@bib31]^ CD44 is an outstanding marker of CSCs that is overexpressed in different kinds of cancer stem cells.^[@bib32]^ We found that these genes were also significantly increased in combination group ([Figure 6e](#fig6){ref-type="fig"}). Meanwhile, treatment of cells in the four groups with the Akt inhibitor MK-2206, showed that signaling pathway was impaired by suppression of AKT expression ([Figure 6e](#fig6){ref-type="fig"}).

These collective data suggest that IL-6 combined with growth-induced stress can effectively activate PI3K/AKT signaling in ccRCC. To further investigate the prognostic value of CSC markers in ccRCC, we selected CD44 as a target because evidence indicated that CD44 was involved in tumor progression in ccRCC.^[@bib33],\ [@bib34]^ As shown in [Figure 6f](#fig6){ref-type="fig"}, we observed different intensities of immunostaining in tumor samples. CD44 expression was higher in stage III--IV ccRCC ([Figure 6g](#fig6){ref-type="fig"}, top left, *P*=0.001). In addition, high CD44 expression was correlated with Fuhrman grade ([Figure 6g](#fig6){ref-type="fig"}, top right, *P*=0.002, respectively) and metastasis in ccRCC tissues ([Figure 6g](#fig6){ref-type="fig"}, bottom left, *P*=0.003). These results suggested that compressive stress enhances EMT and stemness induced by IL-6 via the Akt/GSK-3β/β-catenin signaling pathway and CD44 is a marker of advanced-stage in patients with ccRCC.

Discussion
==========

Interactions between tumor cells and the associated stroma influence disease initiation, progression and patient prognosis.^[@bib35]^ Based on our self-designed 'TME PCR Array' and immunohistochemistry, we found that in the stroma of high Fuhrman grade ccRCC, there are more α-SMA (+) cells compared with low Fuhrman grade ccRCC and these are correlated with progression and survival in ccRCC patients. In contrast to the immunosuppressive micromilieu in most intratumoral areas, the stroma in ccRCC contains a significant number of infiltrating CD4+ leukocytes with proinflammatory properties. According to analysis of clinical samples and experimental studies, we found that the accumulated CD4+ cells in the stroma are the main source of IL-6, which in turn triggers the tumor cell EMT that induces the mesenchymal phenotype of tumor cells. This result is consistent with studies suggesting that high serum IL-6 is a powerful predictor for poor prognosis in renal cell carcinoma and other cancers.^[@bib36],\ [@bib37]^

Biochemical factors are important components of the tumor environment, but the possible role of biomechanical factors in human tumors remains largely unknown. Uncontrolled proliferation of cancer cells generates mechanical, compressive stresses.^[@bib14],\ [@bib15]^ Given the integrity of the tumor microenvironment, increasing our knowledge of how physical force affects oncogenic activities of IL-6 in development and progression of ccRCC is important. To this end, we showed for the first time that compressive stress significantly enhances IL-6-induced EMT. Additionally, based on gene expression profiles, we revealed abnormalities in cytokines that have been reported to enhance tumor formation and progression (for example, CCL5, CXCL8 and CXCL12). Interestingly, IL-6 is also upregulated (fold change 7.317) in the combination group, and we found that IL-6 together with increased compressive force led to enhancement of positive feedback that controls EMT and tumor progression via the Akt/GSK-3β/β-catenin signaling pathway. Consistent with the results of Tse and *colleagues*, we show that high compressive stress also induces cell death.^[@bib38]^ Moreover, even at pressures of 4 mmHg, cell viability was also decreased compared with the control group. We believe that this complex phenomena can be illustrated better from an ecological perspective;^[@bib39]^ in an ecosystem, species rarely exist in isolation. By the same token, IL-6 secreted by CD4+ T cells induces renal cancer cell EMT. Meanwhile, IL-6 together with mechanical compression enhances tumor progression of tumor and triggers a subset of cancer cells to complete EMT and gain stemness, while other cells which are hindered from rapid evolution are killed in the process. This process of natural selection allows cells to overcome natural tumor-suppressive mechanisms and survive in their new environment.

Accumulating evidence suggests that nuclear accumulation of β-catenin promotes EMT and mechanical transduction in different cancers, including renal cell carcinoma.^[@bib9],\ [@bib40],\ [@bib41]^ Clinically, we found that β-catenin expression is valuable in predicting prognosis in ccRCC. We further investigated how IL-6 combined with compression activates β-catenin. One plausible explanation for this response of IL-6 treated cancer cells to compression is that once compression occurs, it activates a mechanosensor, such as integrin-associated focal adhesion kinase (FAK) in response to mechanical stress.^[@bib42],\ [@bib43]^ Similarly, our study shows that expression of ITGA6, ITGB2 and ITGA2 are significantly increased in the compression group compared with controls ([Figure 4e](#fig4){ref-type="fig"}). Force-induced changes in protein conformation and protein structural motifs transmit physical signals,^[@bib44]^ and therefore compression combined with IL-6 activates Akt/GSK/β-catenin signaling pathway and enhances the progression of ccRCC.

In the combination group, we demonstrated that PI3K/Akt-mediated GSK-3β phosphorylation leads to the accumulation of β-catenin in the nucleus where it interacts with Oct4 and Sox2 to regulate the self-renewal of stem cells. Furthermore, CD44, which is also a target of the Wnt/GSK-3/β-catenin signaling pathway,^[@bib45]^ is significantly upregulated in combination group. In addition, CD44 expression was strongly associated with clinical stage, Fuhrman grade and metastasis, indicating the prognostic value of CD44 expression in ccRCC.

In conclusion, our study provides a new perspective into the mechanisms underlying Akt/GSK/β-catenin signaling in ccRCC. Our findings reveal that growth-induced solid stress enhances EMT and stemness properties induced by IL-6. Moreover, β-catenin and CD44 are powerful prognostic biomarkers for clinical therapy of patients with ccRCC.

Materials and methods
=====================

Cell culture
------------

Human ccRCC cell lines 786-O, A498 and ACHN were obtained from ATCC (Manassas, VA, USA). In the current study, we resuscitated these cell lines from the stocks for the experiment and used fewer than 6 months after resuscitation. All cells were routinely tested and were negative for mycoplasma. 786-O was maintained as monolayer cultures in RPMI 1640 medium (Gibco, Carlsbad, CA, USA) with 10% FBS, A498, ACHN were cultured in minimum essential medium (MEM) medium (Gibco, Carlsbad, CA, USA) with 10% FBS. All cells were incubated at 37 °C with 5% CO~2~. Cells treated with 50 ng/ml IL-6 (Peprotech, Rocky Hill, NJ, USA). The Akt inhibitor MK-2206 (Selleck Chemicals, Houston, Texas, USA) was dissolved as a 10 m[M]{.smallcaps} stock solution in DMSO and stored at −20 °C.

Immunohistochemistry
--------------------

Briefly, tissue sections were rehydrated and immersed in 0.3% H~2~O~2~, then treated with citrate buffer (10 m[M]{.smallcaps}, pH 6.0). Next, sections were treated with primary antibodies as follows: α-SMA (cat.ab5694, 1:200 dilution, Abcam), Collagen I (cat.ab138492, 1:500 dilution, Abcam), CD4 (cat.ab133616, 1:500 dilution, Abcam), β-catenin (cat.51067-2-AP, 1:100 dilution, Proteintech), CD44 (cat. ab51037, 1:50 dilution, Abcam) overnight at 4 °C, followed by secondary antibodies and 20 min incubation with the avidin-biotin complex at room temperature. Sections were visualized with diaminobenzidine tetrahidrochloryde substrate and hematoxylin counterstain. Images were acquired with a Leica microscope (DM4000B) at × 200 or × 400 magnification.

Patients and follow-up
----------------------

For the PCR array, ccRC and the adjacent non-cancerous tissues were collected from 10 patients at the First Affiliated Hospital of Dalian Medical University (China). The nature of all tissues was confirmed at the Department of Pathology in First Affiliated Hospital of Dalian Medical University. Fresh tissues from tumors and non-neoplastic adjacent renal tissue were collected at the time of surgery and snap-frozen in liquid nitrogen. Tumor-adjacent renal tissues used in this study were more than 3 cm from the tumor margin. All the participants provided written informed consent under a protocol approved by the Chinese Clinical Trial Registry (Registration number: ChiCTR-POC-15006412), and clinical information was noted ([Table 1](#tbl1){ref-type="table"}). Fifty-five tumor sections and paired adjacent normal sections were collected from patients undergoing resection for ccRCC between 2009 and 2010. The follow-up data were acquired at 6-month intervals through outpatient visits, telephone calls or office visits. The follow-up data were censored in December 2016. Slides were collected from patients who underwent resection for ccRCC (metastasis, venous thrombus or LVI) with matched primary tumor tissue available from 2013 to 2016. Data including clinical information, pathological characteristics and AJCC stages were collected and are shown in [Table 2](#tbl2){ref-type="table"}.

Isolation of T cell subsets
---------------------------

Blood was collected from healthy donors. All the donors wrote informed consent under a protocol approved by the Chinese Clinical Trial Registry (Registration number: ChiCTR-POC-15006412). Peripheral blood mononuclear cells (PBMCs) were collected by Ficoll (Biochrom AG)--based density gradient centrifugation at 1400 r.p.m. for 25 min. Buffy coats were taken off and washed twice in PBS 2 mmol/l EDTA. For lymphocyte subpopulations, naive CD4+ T lymphocytes were isolated by magnetic sorting using an AutoMACS Separator (Miltenyi Biotec). The T-cell isolation procedure yielded cells that were \>90% positive for CD3 and CD4 as defined by immunocytometry.

Co-culture assay
----------------

According to the manufacturer's instructions (ebioscience), the isolated CD4+ T cells were directly stimulated by anti-CD3/anti-CD28 antibody-coated beads and IL-2 (150 U/ml) overnight. Tumor lines at 2 × 10^5^ cells per well were added to 24-well plates with 2 × 10^6^ PBMC in the top plates of inserts, and for 48 h at 37 °C. Supernatants were then collected for further analysis.

ELISA
-----

The concentrations of IL-6 (cat. DY206; R&D Systems, Minneapolis, MN, USA), tumor necrosis factor-alpha (TNF-α, cat. WA126; R&D Systems, Minneapolis, MN, USA) and transforming growth factor-beta (TGF-β, cat. DY240; R&D Systems, Minneapolis, MN, USA) in cell culture supernatants were examined according to the manufacturers' instructions.

Immunofluorescence
------------------

After serum starvation (1% FBS) for 24 h, RCC cells (5 × 10^4^/ml) were incubated with or without IL-6 and/or compression (50 ng/ml, 4 mmHg) for 24 h. Primary antibody (E-cadherin, cat. ab40772, 1:200 dilution; α-SMA, cat. ab196919, 1:200 dilution; Vimentin, cat. ab92547, 1:200 dilution; Cortactin, cat. ab81208, 1:200 dilution; CytoPainter Phalloidin, cat. ab176756; Abcam) was incubated overnight at 4 °C. Rhodamine-labeled secondary antibodies were from Invitrogen. After washing with PBS, DAPI was applied for 5 min at room temperature. Images were taken using the fluorescence microscope (Leica, TCS SP8).

Western blot
------------

Protein was extracted in RIPA Lysis buffer and protease inhibitor (Thermo). Thirty micrograms of protein from each sample were separated on 10% SDS-polyacrylamide gel. GAPDH served as a loading control. Details are listed in [Supplementary Table 1](#sup1){ref-type="supplementary-material"}.

Migration and invasion assays
-----------------------------

Migration and invasion assays were evaluated by Transwell assays (Corning Life Sciences, Bedford, MA, USA) and Matrigel (BD Biosciences). Cells were stained and counted in four random fields per transwell. Mean values of migratory or invasive cells were set as percentages relative to control. Data were based on three independent experiments.

'Tumor Microenvironment' PCR Array
----------------------------------

Expression of 'Tumor Microenvironment'-related genes from the 10 specimens of primary clear cell renal cell carcinoma and nearby normal kidney after resection was determined by the 'Designed PCR Array' (SuperArray Inc.) designed by our research group and obtained from Kangchen Genechip, Shanghai, China.

Microarray analysis of cell samples
-----------------------------------

RNA was extracted from cells treated under different conditions following the manufacturer\'s protocol and repurified by an RNAeasy Mini-spin column (Qiagen). Differentially expressed genes were further analyzed with GO and Kyoto Encyclopedia of Genes and Genomes (KEGG) for their functions and related pathways.

Cell viability assays
---------------------

Cell survival rate was assessed using a CCK8 colorimetric assay (Beyotime, Hangzhou, China) as previously described. Briefly, compressed cells (0--5 mmHg for 16 h) were plated in 96-well plates (2 × 10^3^ cells/well) at 37 °C with 5% CO~2~, and the absorbance was recorded at 450 nm using a micro-plate reader (BIOTEK, Vermont, USA).

Flow cytometry analysis
-----------------------

Cells were washed twice in ice-cold PBS and stained with CD133/1-PE (Miltenyi Biotec, CA, USA), and APC-conjugated anti-CXCR4 antibody (BD Biosciences, 560936, San Diego, CA, USA). The stained cells were analyzed using a FACSCalibur flow cytometer (Becton Dickinson).

Mimicking the compression *in vitro*
------------------------------------

After establishing the physical model of compressive stress. RCC cells were seeded in the top chambers of 0.4 μm or 8 μm (Corning) six well inserts. One milliliter and 1.5 ml medium were added to the top and bottom chambers, respectively. After adhering to the transwell membrane, we added a calculated weight to an agarose disk on top of the cells. For controls the agarose disk was applied without the calculated weight. The calculated weight was 10.6 g, and the area of the piston was 201 mm^2^ (16 mm diameter).
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![Stromal populations differ between ccRCC and normal kidney tissues. (**a**) Heat map of differentially regulated genes in the PCR Array of normal and malignant tissues. (**b**) Fold changes in TME-related mRNA levels in kidney cancer tissues compared with non-tumoral tissues were analyzed by SuperArray Real-Time PCR. Data were based on three independent experiments. The names of the stromal components in blue correspond to the respective genes.](oncsis201774f1){#fig1}

![Expression levels of α-SMA are positively associated with CD4 and negatively associated with collagen I. (**a**) α-SMA, collagen I and CD4 expression in 55 human ccRCC tissues and normal kidney tissues were analyzed by IHC. Scale bar, 100 μm. Box and whisker plots show median values by horizontal lines, 75% of values by boxes and 95% of the range by whiskers. Data were based on three independent experiments. (**b**) Correlation between α-SMA and collagen I assessed by Spearman\'s correlation. (**c**) Correlation between α-SMA and CD4 assessed by Spearman\'s correlation. (**d**) Correlation between levels of α-SMA expression and survival using SurvExpress. Blue and red curves indicate patient death in the low and high α-SMA expression groups. (**e**) Clinical and pathological features of patients with ccRCC according to α-SMA expression. Error bars are the mean±s.e., Student's two-tailed *t*-test, *P*\<0.05 was considered to indicate a statistically significant difference.](oncsis201774f2){#fig2}

![CD4+ T cell-secreted IL-6 promotes EMT, migration and invasion in ccRCC. (**a**) PBMCs were separated magnetically into CD3+ and CD4+ T cells. (**b**) RCC cells, 786-O, A498 and ACHN, were co-cultured with T cells for 48 h in a transwell system. (**c**) Concentrations of IL-6, TNF-α and TGF-β protein in the cancer cell lines and co-culture medium were determined by ELISA. (**d**) Control or IL-6-treated 786-O cells or A498 cells were examined by confocal microscopy analysis of E-cadherin, α-SMA, Cortactin and Vimentin. Scale bar, 100 μm. Images based on three independent studies. (**e**) Protein levels for epithelial (E-cadherin) and mesenchymal (Vimentin, α-SMA and N-cadherin) markers. Images representative of three independent studies. (**f**) Confluent cell monolayers were wounded with a 100 μl pipette tip, and then cells were treated with or without IL-6 (50 ng/ml) for 16 h. (**g**) Cell migration (left) and invasion (right) were analyzed in transwell inserts or Matrigel-coated chambers, with or without IL-6 in the bottom chamber. Five fields were counted per filter in each group. (**h**) The migration and invasion-related genes were evaluated by gene profile analyzes. Error bars are the mean±s.e., Student's two-tailed *t*-test, \**P*\<0.05 and \*\**P*\<0.01.](oncsis201774f3){#fig3}

![Growth-induced compression stress facilitates renal cancer cell migration and enhances EMT induced by IL-6. (**a**) A freshly excised, renal cell carcinoma and nearby normal kidney tissues were cut. A partial dissection through the longitudinal axis of the normal and tumor tissues (50--80% through the diameter) released the stresses, and the tissues were deformed in different ways. After cutting, the compression within the tumor was released, and the tumor interior swelled, while the normal tissue did not deform measurably. (**b**) The compression device designed by Tse *et al.* allowed for application of controlled compressive stress to a monolayer of cancer cells, which were cultured or investigated for the migratory activity of tumor cells. A 1% agarose disk provided relatively soft contact with the monolayers of cells. Transwell membranes with 0.4 μm pores were used for culturing the cells, while 8 μm pores were used for the migration assay. For control samples, the agarose disk was applied without the weight. (**c**) Upper, higher external stress (ranging from 0 to 4 mmHg) increased migratory activity of monolayers of cancer cells, and decreased from 4 to 5 mmHg. Cells were compressed for 16 h. The pink rhombus represents the numbers of migratory tumor cells, and the blue bar represents the average values of five independent experiments. The lower panel shows CCK8 levels in cells treated with 0--5 mmHg for 16 h. Absorbance at 450 nm was presented as the mean±s.e. (**d**) Cytoskeletal staining (phalloidin for actin filaments) of 786-O and A498 cells, which were exposed to compressive force from 0 to 4 mmHg. At 4 mmHg, tumor cells demonstrated elongated actin filaments and a spindle-shaped mesenchymal phenotype. Scale bar, 100 μm. (**e**) Heat maps of differential expression across ccRCC cases for genes associated with migration, invasion and angiogenesis. Moreover, genes encoding mechanical and ECM components were also increased in the profile. (**f**) The GO functional analysis of the compressive group; left shows molecular function and right shows biological process. (**g**) Heat map of differentially upregulated genes in the IL-6-treated cell group and the combination group. The upper panel indicates the genes associated with mechanics and ECM, and lower panel indicates the EMT-related genes. (**h**) GO analysis of gene product properties, including biological process, cellular component and molecular function, between the IL-6-treated group and combination group.](oncsis201774f4){#fig4}

![Combination of IL-6 with compressive stress promotes the nuclear translocation of β-catenin. (**a**) The expression of EMT-associated proteins in four groups was detected by western blot. Representative images from three independent studies. (**b**) β-catenin was not only associated with EMT but also played an important role in mechanical signaling pathways. (**c**) Immunofluorescence revealed that the combination of IL-6 with compressive stress promoted β-catenin translocation to the nucleus in 786-O cells. Scale bar, 50 μm. (**d**) Cell fractionation assays revealed that the combination of IL-6 with compressive stress increased nuclear β-catenin accumulation in 786-O cells. CE, cytoplasmic extract; NE, nuclear extract. Combination, IL-6+ compression. (**e**) Immunohistochemical staining of β-catenin in the indicated ccRCC patient specimens was performed, and different levels of intracellular β-catenin were found in ccRCC patients. The left panel shows predominantly membrane expression, and the right shows cytoplasmic/nuclear expression. Scale bar, 20 μm. (**f**) Correlation between the levels of intracellular β-catenin expression and clinical relevance. Percentage of patients with the clinical parameters: tumor invasion (LVI, VT and metastasis), lymphovascular invasion, venous thrombus, distant organ metastasis according to different levels of intracellular β-catenin. A total of 20 ccRCC specimens were analyzed by immunohistochemistry.](oncsis201774f5){#fig5}

![Growth-induced stress enhances EMT and stemness induced by IL-6 via the Akt/GSK-β/β-catenin signaling pathway. (**a**) The differentially regulated proteins in the IL-6 group were assessed by the KEGG pathway analysis. The pathways showing significant changes are presented with the corresponding enrichment score. The chemokine signaling pathway was highlighted in the IL-6 group. (**b**) The differentially regulated proteins in the combination group were assessed by KEGG pathway analysis, and the PI3K-Akt signaling pathway was altered in the combination group. Notably, in the combination group, cell adhesion, ECM receptors and pluripotent stem cell regulation also showed changes. (**c**) Heat map of upregulated genes associated with self-renewal markers and cancer stem cell markers between the control group and the combination group. (**d**) The combination group comprises a greater CD133^+^/CXCR4^+^ subpopulation compared with the other three groups. (**e**) Protein levels of total and phosphorylated Akt, total and phosphorylated GSK-3β, Sox2, Oct4 and CD44 in 786-O cells untreated or treated with Akt inhibitor MK-2206 in different treatments. (**f**) Different expression levels of CD44: (−) represents negative expression, (+) represents weak expression, (++) represents intermediate expression and (+++) represents strong expression. (**g**) CD44 expression was significantly altered in different stages and Fuhrman grades of ccRCC tissues (top, *P*\<0.01). CD44 levels in metastatic tissues were also significantly increased compared with non-metastatic tissues from human ccRCC (left bottom, *P*\<0.01). However, CD44 was not correlated with LVI (right, bottom, *P*=0.678).](oncsis201774f6){#fig6}

###### Clinical features of patients for PCR Array

       *Gender*    *Age (years)*  *Tumor location*   *Tumor size (cm)*   *Venous invasion*   *T stage*    *Fuhrman grade*
  ---- ---------- --------------- ------------------ ------------------- ------------------- ----------- -----------------
  A1   Female           78        Right upper pole   1 × 2 × 1.5         Negative            T1a                 I
  A2   Male             47        Right upper pole   2 × 2 × 1           Negative            T1a                 I
  A3   Male             54        Left low pole      3.8 × 4 × 2         Negative            T1a                 I
  A4   Female           50        Right upper pole   4 × 3 × 3.7         Negative            T1a                 I
  A5   Male             32        Right mid kidney   3 × 3 × 3           Negative            T1a                 I
  B1   Male             72        Right mid+upper    10.6 × 8.2 × 8      Positive            T3c                III
  B2   Male             60        Right upper pole   5 × 5.8 × 3.8       Negative            T1b                III
  B3   Male             63        Left low pole      8 × 6.8 × 8         Negative            T2a                III
  B4   Female           47        Left upper pole    9 × 6.5 × 8         Positive            T4               III--IV
  B5   Male             57        Right upper pole   7.5 × 6.5 × 4.5     Positive            T3c                IV

###### Clinical and pathological features of patients for β-catenin staining

  *Invasion*   *Expression*   *Gender*    *Age (years)*  *Tumor size (cm)*   *Location*   *Lymph node invasion*   *Metastasis*    *Fuhrman*  *Venous thrombus*
  ------------ -------------- ---------- --------------- ------------------- ------------ ----------------------- -------------- ----------- -------------------
  1            Cytoplasma     Male             56        12 × 7 × 7          Right        Absent                  Absent             IV      Present
  2            Cytoplasma     Male             46        13 × 8.5 × 6        Left         Present                 Present          III--IV   Present
  3            Cytoplasma     Female           55        5.5 × 5 × 9.5       Right        Present                 Absent             IV      Present
  4            Cytoplasma     Female           79        5 × 5 × 4.5         Left         Absent                  Absent           III--IV   Absent
  5            Cytoplasma     Male             66        10 × 5              Right        Present                 Present          III--IV   Present
  6            Cytoplasma     Male             57        7.5 × 6.5 × 4.5     Left         Absent                  Absent           III--IV   Present
  7            Cytoplasma     Male             60        5 × 4 × 5.7         Left         Absent                  Absent             III     Present
  8            Membrane       Female           64        5 × 5 × 5           Left         Absent                  Absent             IV      Present
  9            Membrane       Female           65        7 × 5.5 × 4.5       Right        Present                 Absent           III--IV   Absent
  10           Membrane       Male             64        6 × 5 × 4           Right        Absent                  Present          III--IV   Absent
                                                                                                                                              
  *Primary*                                                                                                                                  
  1            Membrane       Male             58        5 × 4.5 × 4.5       Right        Absent                  Absent             II      Absent
  2            Membrane       Male             56        6.5 × 4.5 × 4       Left         Absent                  Absent             III     Present
  3            Membrane       Male             59        5 × 4 × 4           Right        Absent                  Absent             II      Absent
  4            Membrane       Male             74        3 × 1.5 × 2         Left         Absent                  Absent            I--II    Absent
  5            Membrane       Female           77        2 × 2 × 4           Right        Absent                  Absent            I--II    Absent
  6            Membrane       Male             71        4 × 3 × 3.5         Right        Absent                  Absent             III     Absent
  7            Membrane       Female           60        2.5 × 3 × 4         Left         Absent                  Absent            I--II    Absent
  8            Membrane       Female           66        4 × 5 × 3           Left         Absent                  Absent             II      Absent

[^1]: These authors contributed equally to this work.
